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Abstract
Oxygen depletion under waterlogged conditions results in a compromised operation of H+-ATPase, with strong impli-
cations for membrane potential maintenance, cytosolic pH homeostasis, and transport of all nutrients across mem-
branes. The above effects, however, are highly tissue specific and time dependent, and the causal link between 
hypoxia-induced changes to the cell’s ionome and plant adaptive responses to hypoxia is not well established. This 
work aimed to fill this gap and investigate the effects of oxygen deprivation on K+ signalling and homeostasis in 
plants, and potential roles of GORK (depolarization-activated outward-rectifying potassium) channels in adaptation 
to oxygen-deprived conditions in barley. A significant K+ loss was observed in roots exposed to hypoxic conditions; 
this loss correlated with the cell’s viability. Stress-induced K+ loss was stronger in the root apex immediately after 
stress onset, but became more pronounced in the root base as the stress progressed. The amount of K+ in shoots of 
plants grown in waterlogged soil correlated strongly with K+ flux under hypoxia measured in laboratory experiments. 
Hypoxia induced membrane depolarization; the severity of this depolarization was less pronounced in the tolerant 
group of cultivars. The expression of GORK was down-regulated by 1.5-fold in mature root but it was up-regulated by 
10-fold in the apex after 48 h hypoxia stress. Taken together, our results suggest that the GORK channel plays a cen-
tral role in K+ retention and signalling under hypoxia stress, and measuring hypoxia-induced K+ fluxes from the mature 
root zone may be used as a physiological marker to select waterlogging-tolerant varieties in breeding programmes.
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Introduction
Waterlogging (WL) is a major environmental constraint lim-
iting agricultural production worldwide and hampering 10% 
of the global land area (Setter and Waters, 2003). The esti-
mated annual financial loss in agricultural production due to 
floods exceeds €60 billion (Dobrovičová et al., 2015). Global 
climate changes are predicted to increase the rate and sever-
ity of flooding events in a large number of agricultural and 
urban areas of the world during this century (Arnell and 
Liv, 2001; Seneviratne et al., 2012; Hirabayashi et al., 2013). 
Under waterlogged conditions, the level of oxygen in the soil 
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drops down rapidly from 230  nmol m−3 (well-drained soil) 
to 50 nmol m−3 (hypoxic) (Turner and Patrick, 1968) or may 
even result in a complete absence of oxygen (anoxia), due to 
high microbial activities (Ponnamperuma, 1984). Under these 
hypoxic and anoxic conditions, the resultant O2 deficiency 
and accumulation of CO2 in the root zone limit the root 
metabolism, aerobic respiration, and ATP synthesis, affect-
ing the growth of shoots and roots (Gibbs and Greenway, 
2003; Bailey-Serres and Colmer, 2014). In addition, hypoxia 
also limits the availability of required energy to fuel the H+-
ATPase pumps and severely affects the transportation of ions 
which ultimately affect the growth and yield (Bailey-Serres 
and Voesenek, 2008; Elzenga and van Veen, 2010).
Potassium (K+) is the second most abundant mineral ele-
ment in plant tissues. Although the availability of K+ differs 
from ~0.025 mM to 5 mM in different soils depending on the 
soil type and other environmental factors (Maathuis, 2009), 
cytosolic K+ concentrations in plants are sustained at a level 
of ~150 mM (Kronzucker et al., 2008; Shabala et al., 2016) 
to enable the essential role of K+ in activating and regulating 
nearly 70 different metabolic enzymes in plants (Dreyer and 
Uozumi, 2011). Potassium also plays an important role as a 
determinant of cell fate, with cytosolic K+ acting as a trigger 
of programmed cell death under a range of biotic and abiotic 
stress conditions (Shabala, 2009; Demidchik et al., 2010). The 
plant’s ability to take up K+ is significantly reduced under O2-
deficient conditions (Kreuzwieser and Gessler, 2010; Zhao 
et al., 2012; Zeng et al., 2014), but detrimental effects of WL 
on plants may be ameliorated by the exogenous application 
of K+ to soil or as a foliar spray (Ashraf et al., 2011; Wang 
et al., 2013).
Although the important role of maintaining intracellular 
K+ homeostasis in plant adaptive responses to flooding stress 
has been repeatedly mentioned on many occasions (Pang 
et al., 2004; Colmer and Greenway, 2010; Mugnai, 2011; 
Shabala et al., 2016), some controversies were reported in 
the previously published studies. While a significant decline 
in the shoot K+ content under waterlogged conditions was 
reported in many species [e.g. eucalypts (Close and Davidson, 
2003); Hordeum marinum (Malik et al., 2008); wheat (Trought 
and Drew, 1980); lucerne (Smethurst et al., 2005); soybean 
(Board, 2008)], results on roots are more controversial. The 
reported results range from a substantial decline [e.g. lucerne 
(Smethurst et al., 2005); wheat (Buwalda et al., 1988); cu-
cumber (Alcántara et al., 1991); cherrybark oak (Pezeshki et 
al., 1999)] to no change or even an increase [e.g. corn (Ashraf 
and Rehman, 1999); baldcypress ( Pezeshki et al., 1999); Lotus 
tenuis (Teakle et al., 2010)] in root K+ content. In a study using 
two halophyte grasses (Puccinellia ciliata and Thinopyrum 
ponticum) differing in WL stress tolerance (Teakle et al. 2013), 
the WL-tolerant P. ciliata showed a significant uptake of K+ 
under oxygen-deprived conditions, while the more sensitive 
T. poticum showed a substantial K+ leakage when measured 
by the microelectrode ion flux estimation (MIFE) system. 
The possible explanations for the above controversies may lay 
in the fact that both transport and regulation of K+ homeo-
stasis under O2-limited conditions should be put into the con-
text of the root tissue and genotypic specificity. Also, even 
though the link between the root’s ability to retain K+ and 
the WL stress tolerance has been reported (Pang et al., 2006; 
Zeng et al., 2014), the molecular mechanisms underlying this 
phenomenon remain unclear. K+ transport across the plasma 
membrane (PM) is mediated by a very large number (75 in 
Arabidopsis) of transport systems, and which of them plays 
a major role in hypoxia response remains to be elucidated.
The PM H+-ATPases generate the proton motive force 
(Sondergaard et al., 2004) and thus are central to the main-
tenance of membrane potential (MP) and nutrient uptake by 
roots. Oxygen deficiency rapidly depolarizes the PM poten-
tial of WL-sensitive species of higher plants (Buwalda et al., 
1988; Teakle et al., 2013). As a result, the channel-mediated 
uptake of many essential cations (e.g. K+, Mg2+, and NH4
+) 
is reduced or becomes thermodynamically not feasible. Also, 
uptake of most of the essential anions (e.g. NO3
− or SO4
2− 
and PO4
2−) is reduced, as a consequence of a reduced driv-
ing force for H+-coupled symport systems (Kreuzwieser 
and Gessler, 2010; Wang et al., 2013). Many biotic and abi-
otic stresses induce K+ leakage from plant tissues; in most 
cases, this K+ efflux is mediated by depolarization-activated 
outwardly-rectifying K+ (GORK) channels (Demidchik et 
al., 2014; Shabala and Pottosin, 2014). The GORK chan-
nel displayed high expression in guard cells, roots (epidermal 
cells, cortex, and root hairs), and cells of the vascular tis-
sue (Gambale and Uozumi, 2006; Ward et al., 2009). The 
expression and activity of GORK channels were both sub-
stantially affected under drought, salt, and cold stress condi-
tions (Becker et al., 2003), and these channels were named 
as a major pathway for stress-induced K+ leakage in many 
plant species exposed to salt stress (Shabala and Cuin, 2008; 
Jayakannan et al., 2013). A pharmacological study suggested 
that the hypoxia-induced K+ leakage may also be mediated 
by KOR channels, as K+ efflux in barley roots was strongly 
inhibited (Pang et al., 2006) by the application of tetraeth-
ylammonium, a known blocker of the voltage-gated Shaker-
type K+ channel to which GORK belongs. In a recent study 
from our laboratory, we have shown (Wang et al. 2016) that 
the expression of GORK was down-regulated in hypoxic root 
cells of wild-type Arabidopsis. In addition, the mutant gork1-
1 lacking functional GORK channels showed significantly 
higher K+ accumulation in both elongation and mature zones 
under hypoxia stress, compared with the wild type. After 3 d 
of hypoxia stress, gork1-1 showed a significantly smaller K+ 
efflux than the wild type in the elongation zone, and retained 
an influx in the mature zone while the wild type showed a K+ 
efflux (Wang et al., 2016). The most likely explanation be-
hind this tissue-specific K+ efflux would be the differential 
regulation ability of GORK channels in the elongation and 
mature root zones. Can the same conclusion be extrapolated 
from Arabidopsis to cereals? Are all root cells equally sen-
sitive to hypoxia, or do some tissues have a higher demand 
for oxygen? Can hypoxia stress-induced K+ efflux be used as 
a physiological marker for WL stress tolerance? If  yes, from 
where should it be measured?
The aim of this study was to fill the above gaps in our 
knowledge. To achieve this, we used contrasting barley cul-
tivars to investigate tissue- and genotype-specific effects of 
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hypoxia on K+ retention in roots. Also, the role of GORK 
channel in K+ release was investigated by measuring hypoxia-
induced changes in root MP and correlating it with the extent 
of K+ efflux from the root. Our results showed that hypoxic 
conditions caused a significant loss of K+ in a time- and gen-
otype-specific manner, affecting cell viability and K+ regula-
tion, and led to the conclusion that the genotypic difference 
in WL stress tolerance in barley is conferred by the differen-
tial ability to regulate voltage-gated K+-permeable channels 
in the mature root epidermis.
Materials and methods
Plant material and growth conditions
Six barley (Hordeum vulgare L.) cultivars contrasting in WL toler-
ance were used in this study. Among these cultivars, CM72, TX9425, 
and Yerong are tolerant, and Gairdner Franklin, and Naso Nijo are 
sensitive to WL (Pang et al., 2004; Zhou et al., 2012). Seeds were 
acquired from China and the Australian Winter Cereal Collection 
Centre, and reproduced in the field, using Tasmanian Institute of 
Agriculture (TIA) facilities in Launceston. Seeds were surface steri-
lized with 10% commercial bleach (NaClO 42 g l−1; Pental Products, 
Shepparton, Australia), thoroughly rinsed with tap water (for at least 
30 min), and then grown in wet paper rolls with basic salt medium 
(BSM) solution (0.5 mM KCl+0.1 mM CaCl2, pH 5.6) in the dark 
for 3 d at room temperature (25 ± 1 °C). Two treatments were used 
in electrophysiological experiments: (i) control (BSM, aerated); and 
(ii) hypoxia (BSM solution made with 0.2% agar and bubbled with 
N2 gas). For the treatment with agar, the stagnant solution was pre-
pared by adding agar (Cat. No. LP0011, Oxoid, Hampshire, UK) to 
the BSM solution at a ratio of 0.2% (w/v) and boiled, then cooled 
down overnight at room temperature with magnetic stirring to pre-
vent formation of lumps. The agar solutions were pre-bubbled with 
high purity N2 (Cat. No. 032G, BOC Gases, Hobart, Australia) for 
at least 1 h before being used in the experiment.
Glasshouse experiments
For glasshouse experiments, seeds of the above six barley varieties 
were grown in 2 litre pots filled with sandy loam soil. The soil was 
collected from the University of Tasmania farm and mixed with 
essential macronutrients (in g l–1: 0.51 NH4NO3, 1.35 NaH2PO4, 
0.48 K2SO4, 0.31 CaSO4, and 0.14 MgCl2). During the germina-
tion stage, plants were watered with tap water at field capacity. 
Germinated plants were then thinned to eight uniform and healthy 
plants in every pot. Plants were grown under controlled glasshouse 
conditions (with a day-length of 14  h; light/dark temperatures of 
25/15  °C; and relative humidity of 65–75%) at the University of 
Tasmania (Hobart, Australia) in March–April 2014.
Treatments were imposed when plants were 10 d old. Two treat-
ments were given: control (well aerated) and WL (submerged pots). 
For treatment with WL, pots were placed into large containers 
(four pots in each container). WL conditions were imposed by 
using half-strength Hoagland’s nutrient solution (Hoagland and 
Arnon, 1950). The water level of  waterlogged treatment was kept 
15 mm above the soil surface. Control (well-aerated) plants were 
irrigated on a daily basis with 150 ml of  half-strength Hoagland’s 
nutrient solution. Plants were subjected to treatments for 4 weeks. 
Leaf chlorophyll content was measured from the centre of  the fully 
expanded leaves using a SPAD meter (SPAD-502, Minolta, Japan). 
Before harvesting for biomass, the number of  chlorotic, necrotic, 
and total leaves from each plant were counted. The relative amount 
of  chlorotic and/or necrotic leaves was then calculated according to 
the equation: ratio of  chlorotic (or necrotic) leaves=no. of  chlorotic 
(necrotic) leaves/no. of  total leaves. Ten replicates were randomly 
taken for each treatment×variety combination. Fresh weight of 
shoots was recorded after harvesting, and the dry weight was meas-
ured after drying in a UniTherm Drier (Birmingham, UK) for 2 d 
at 65 °C. Four replicates each consisting of  four plants were used 
for each treatment.
Viability staining
For viability staining, surface-sterilized seeds of different barley cul-
tivars were grown in aerated hydroponic BSM solution in the dark 
for 2 d at 25  ±  2  °C. On the next day, seedlings were transferred 
into a 14 h/10 h light/dark regime for 1 d. The root area of plants 
was protected from direct light by using black containers. Two treat-
ments, control and hypoxia (0.2% agar), were imposed and lasted for 
48 h. The cell viability was measured by using a fluorescein diacetate 
(FDA)–propidium iodide (PI) double staining method, principally 
as described by Koyama et al. (1995). The settings of the camera for 
all experiments were kept constant during image acquisition. The 
green fluorescence signal intensity (a measure of the cell viability) 
was quantified by using ImageJ software (version 1.48, Java, 64 bit).
Tissue elemental analysis
For tissue elemental analysis, plants were harvested after 4 weeks of 
treatment. Plant shoots were washed three times with distilled water 
and blotted to remove excess water. Plants were kept at 80 °C for 
48 h in an oven and then ground into a powder. Plant samples (0.2 g) 
were digested with a mixture of 5 ml of HNO3+1 ml of HClO4 in 
an infrared digestion furnace (PEIOU-SKD-20N, China). The re-
sultant solutions were diluted to 25 ml using 2% HNO3 and filtered 
with a 0.45 µm filter paper. The concentration of K+ in the filtrate 
was determined using inductively coupled plasma–atomic emission 
spectrometry (IRIS/AP optical emission spectrometer) following a 
standard procedure.
MIFE ion flux measurements
Net fluxes of K+ and H+ were measured from 60  ±  10  mm long 
roots by using a non-invasive ion flux measurement (MIFE) tech-
nique (University of Tasmania, Hobart, Australia). The theory of 
MIFE measurements and other details of calibration and fabri-
cation related to ion-selective microelectrode are given in our pre-
vious publications (Shabala et al., 2006, 2010). In brief, borosilicate 
microelectrodes were filled with appropriate backfilling solution. 
Electrode tips were then filled with an appropriate liquid ion ex-
changer (LIX) (Fluka catalogue no.  60031 for K+ and 95297 for 
H+). After calibration in a set of pH and different K+ standards, 
the electrodes were mounted on a 3D micromanipulator. Electrodes 
were then positioned 40 µm from the root surface and placed on the 
same plane 2–3 µm from each other. During the measurement of 
fluxes, microelectrodes were moving between two positions: 40 µm 
(close to the root epidermis) and away (90 µm) in a 10 s cycle square-
wave manner. The potential difference between these two points was 
recorded by the MIFE CHART software and converted into electro-
chemical potential difference by using cylindrical diffusion geometry 
(Newman, 2001).
Prior to measurement, a 3-day-old seedling was taken from a 
paper roll and immobilized horizontally by the Plexiglass partitions 
2  mm above the surface of the chamber (see Supplementary Fig. 
S1 at JXB online). The measuring chamber was filled with hypoxia 
solution, with the coleoptile being above the surface of the solu-
tion. Seedlings for control were well aerated during the period of 
treatment, whereas hypoxia- (0.2% agar) treated seedlings were kept 
in stagnant conditions for different times, ranging from 2 h to 48 h. 
The seedlings were then placed in a Faraday cage for MIFE meas-
urements. Net ion fluxes were measured for 10 min; the steady-state 
fluxes were achieved by averaging the values of the last 5 min. For 
each treatment, net ion fluxes were measured from intact roots of at 
least 6–8 individual seedlings.
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In some experiments, excised roots were used to eliminate the 
possibility of  oxygen supply through coleoptiles and to restrict 
internal oxygen movement. For this purpose, a 3-day-old seedling 
was taken from the paper roll and the coleoptile was removed gen-
tly with a scalpel blade. The excised roots were placed in a Faraday 
cage for MIFE measurements after giving different treatments 
as described in the previous paragraph. For each treatment, net 
ion fluxes were measured from 6–8 individual roots with excised 
coleoptiles.
Membrane potential measurements
MP was measured from epidermal cells of intact barley roots. The 
MP measurements were performed as described previously (Cuin 
and Shabala, 2005; Bose et al., 2010). Briefly, conventional micro-
electrodes (Harvard Apparatus) were filled with 1 M KCl and con-
nected to the MIFE electrometer via an Ag/AgCl half-cell. During 
MP measurement, the microelectrode with a tip diameter of 0.5 µm 
was impaled into the epidermal cells of the mature root zone with 
a manually operated 3D micromanipulator (MHW-4, Narishige, 
Tokyo, Japan). MP values were recorded by the MIFE CHART 
software for at least 2 min after stabilization (Newman, 2001). For 
MP measurements, the barley seedlings were mounted in the verti-
cal chambers and treated with a hypoxic solution as described for 
MIFE experiments. For each treatment, MP values were measured 
from roots of 5–6 individual seedlings. At least four different cells 
were measured for each seedling. MP measurements were made 
either before (time zero) or after 48 h of treatment.
Pharmacology
Roots pre-treated with hypoxia stress (0.2% agar) for 24 h and con-
trol roots were used for pharmacological experiments. Net ion fluxes 
were measured for 5 min in both control and hypoxia-treated roots, 
then 0.5 mM orthovanadate (a potent inhibitor of the H+-ATPase 
pump) was applied and steady-state fluxes were recorded for another 
10 min. For each treatment, net ion fluxes were measured from roots 
of at least 6–8 individual seedlings.
Quantitative real-time PCR
RNA from the root apices (4–5 mm long) from both mature and 
elongation zones of barley were isolated using the ISOLATE II 
RNA Plant Kit (Bioline) and purified by the ISOLATE II micro 
clean-up kit (Bioline) according to the manufacturers’ protocols. A 
8000 ng aliquot of total RNA was reverse transcribed using a Sensi 
FAST cDNA Synthesis Kit (Bioline) in a total volume of 20 µl. 
RNA concentration was monitored witha Nano Drop 8000 UV-Vis 
Spectrophotometer (Thermo Scientific). Quantitative real-time 
PCRs (qRT-PCRs) were performed in a Roto-Gene 3000A (Corbett 
Research) with the Quanti Nova SYBR Green PCR Kit (Qiagen) in 
a 20 µl volume containing 2 µl of 5-fold diluted cDNA and 0.7 nM 
primer mix (1:1 mix of forward and reverse primers). After a hot 
start (5 min at 95 °C), a two-step PCR program was applied: 45 times 
for 10 s at 95 °C, and 30 s at 60 °C, followed by a dissociation curve 
by increasing the temperature every 1 °C from 55 °C to 99 °C (with 
a 5 s hold at each temperature). Primers (Gene Works) are listed in 
Supplementary Table S1. All quantifications were normalized to 10 
000 molecules of the housekeeping gene HvGAPDH and each tran-
script was quantified using individual standards. For each gene, the 
quantification in the mature and elongation zones of control condi-
tions was also normalized to 1 (corresponding to 100%). Three to five 
technical and biological replicates were performed for each experi-
ment and treatment.
Statistical analysis
Statistical analysis was performed by the statistical package IBM 
SPSS Statistics 20 (IBM, New York, NY, USA). All data in the table 
and figures are given as means ±SE. The significant difference be-
tween means was evaluated by Duncan’s multiple range test.
Results
Genotypic variation in plant growth under waterlogging
A glasshouse experiment was undertaken to assess the geno-
typic variation in a range of barley genotypes under WL 
stress. Four weeks of WL stress affected the growth of all cul-
tivars, but to a different extent. The most severe effect of WL 
on plant growth was observed in cultivars Gairdner, Franklin, 
and Naso Nijo (Fig. 1). These varieties were therefore termed 
WL sensitive, in contrast to the other three termed WL tol-
erant. When these cultivars were grown in sandy loam soil for 
4 weeks, the average shoot fresh weights of tolerant and sen-
sitive cultivars were reduced by 42% and 68% relative to the 
control, respectively; for shoot dry weight, these values were 
32% and 61% (Fig.  1A, B). The chlorophyll content in the 
tolerant and sensitive group of cultivars was reduced by 9% 
and 41% as compared with the respective controls (Fig. 1C). 
The effect of WL treatment on chlorophyll content (SPAD 
value) was not significant (P<0.05) in tolerant cultivars 
TX9425 and Yerong (Fig. 1C). The results showed that WL 
treatment induced the chlorosis and necrosis of leaves, and 
the tolerant cultivars performed much better as compared 
with the sensitive cultivars (Fig. 1D). There were no chlorotic 
and necrotic signs on leaves of WL-tolerant cultivars, while in 
sensitive cultivars 21% chlorotic and 26% necrotic leaves were 
observed on average under WL treatment (Fig. 1D).
Hypoxia-grown barley cultivars differed in cell viability 
and whole-plant K+ content
We next used the viability staining technique to comprehend 
tissue-specific effects of hypoxia on cell metabolism (Fig. 2). 
A significant (P<0.05) loss of viability was found in both the 
elongation and mature zone after hypoxia (Fig. 2B). The api-
cal cells were more severely damaged as compared with the 
mature zone (as indicated by the deep red colour in Fig. 2A). 
However, a very strong heterogeneity of the fluorescent sig-
nal from the apex (Fig. 2A) has questioned the suitability of 
this zone as a physiological marker in screening programmes. 
In this context, the signal from the mature zone was more 
uniform and thus more suitable for screening purposes. Thus, 
we have used this region for comparing effects of hypoxia 
on root cell viability among six contrasting barley cultivars 
(Fig. 3A). There was no sign of any viability loss in tolerant 
cultivars in the mature zone, but clear signs of the viability 
loss were observed in sensitive cultivars when compared with 
appropriate controls (Fig. 3A). The above visual observa-
tions were then quantified, revealing a statistically significant 
(at P<0.05) difference between two groups (Fig. 3B, C). In 
sensitive cultivars, the loss of viability was almost 1.5- to 
2-fold greater than in tolerant cultivars (Fig. 3C). The loss 
of cell viability in hypoxia-treated roots mirrored the changes 
imposed by WL stress in shoot K+ content of glasshouse-
grown barley cultivars (Fig. 3D). Here, sensitive cultivars lost 
Hypoxia and voltage-gated K+ channels | Page 5 of 14
1.5- to 2-fold more K+ in the shoot, as compared with toler-
ant cultivars.
Long-term hypoxic treatment is more detrimental to 
root ion fluxes
Net K+ and H+ fluxes were measured from intact barley roots 
to examine the effects of hypoxia on the ion flux profile along 
the root axis. Different treatment durations were used, rang-
ing between 2 h and 48 h. A significant uptake of K+ in the 
mature zone and a strong efflux in the elongation zone were 
observed under control conditions (Fig. 4A). Hypoxic treat-
ment for 2 h increased net K+ efflux in the elongation zone; 
no significant change in net K+ flux was observed in the ma-
ture zone (Fig. 4A) at this time point. As hypoxia progressed, 
both K+ uptake (in the mature zone) and leakage (in the apex) 
were gradually reduced (24 h and 48 h hypoxic treatments). 
In the mature zone, no significant change was found for net 
H+ efflux, while a considerable reduction of H+ influx was 
observed in the elongation zone of intact roots after 2 h of 
hypoxia treatment (Fig. 4A). Steady-state H+ flux gradually 
decreased in both zones as the hypoxia treatment progressed.
A series of experiments were further conducted to verify 
the genotypic specificity of the detrimental effects of hypoxia 
on H+ and K+ fluxes (Fig. 4B–D) to see if  hypoxia-induced 
ion fluxes could be used as a proxy for WL stress tolerance. 
The above six barley cultivars were used to compare ion fluxes 
under hypoxic conditions (48  h treatment). Measurements 
were conducted in the mature zone, 5  mm from the shoot 
base (Fig. 3). Hypoxia reduced the rate of H+ pumping and 
resulted in a significant decline in K+ uptake after 48  h of 
hypoxia (Fig. 4B, D). Tolerant cultivars showed significantly 
better abilities for H+ pumping and showed less decrease in 
K+ uptake than the sensitive cultivars under both control and 
hypoxic conditions (Fig. 4C, E), with tolerant cultivars show-
ing 30% less K+ leakage (Fig. 4C) and 40% more H+ pumping 
(Fig. 4E) as compared with sensitive cultivars. The observed 
decrease in shoot K+ content showed a strong (R2=0.85) posi-
tive correlation with net K+ efflux from stressed roots meas-
ured in MIFE experiments (Supplementary Fig. S2).
Disruption of internal O2 transport reduces ion fluxes 
under hypoxic conditions
In the above experiments, measurements were conducted 
on intact seedlings, with their coleoptiles being in the air 
and thus operating as a ‘snorkel’ supplying oxygen to root 
tissues even in the absence of oxygen in the growth medium 
(Zeng et al., 2014). Thus, as a next step, we have investigated 
the effect of hypoxia on ion fluxes in plants where internal 
oxygen supply was prevented by excising coleoptiles. Net 
ion fluxes were measured from 10 different positions along 
the root axis (Fig.  5). Strong net H+ efflux and K+ uptake 
were measured from the mature zone of excised roots under 
Fig. 1. Effects of waterlogging (WL) on agronomical and physiological characteristics of six contrasting barley cultivars. (A) Shoot fresh weight; (B) 
shoot dry weight; (C) chlorophyll content (SPAD values); and (D) the ratio of chlorotic and necrotic leaves (calculated as the number of chlorotic or 
necrotic leaves divided by the total number of leaves). Values are means ±SE (n=4). Different lower case letters indicate a significant difference at P≤0.05 
according to Duncan’s multiple range tests.
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control conditions (Fig. 5A). In contrast to the mature zone, 
the elongation zone showed an influx of H+ and an efflux of 
K+ (positions PE, pre-elongation; DE, distal elongation; and 
M, mature zone in Fig. 5A). The onset of hypoxia resulted in 
a reduced K+ uptake in the mature zone and further increased 
K+ leak from the root apex after 2 h of hypoxia treatment 
(Fig. 5B). This K+ loss in the apex was found to be transient 
and stopped after 24 h (Fig. 5A). In the mature zone, net K+ 
uptake was reduced to zero or even turned into net efflux after 
48  h (Fig.  5A). The steady-state H+ flux was also reduced 
considerably after 2 h of hypoxia treatment in both zones as 
compared with controls (Fig. 4A). A significant reduction in 
H+ flux was measured as hypoxia progressed in both mature 
and elongation root zones after long-term hypoxic treatments 
(24 h and 48 h).
To understand the nature of transport systems mediating 
the observed effects of hypoxia on K+ fluxes in barley roots, a 
correlation analysis between K+ and H+ fluxes was conducted. 
A  strong correlation between H+ and K+ fluxes existed at 
each time point (Fig. 5B), suggesting that the measured K+ 
fluxes were mediated by some voltage-gated transport system. 
These results further confirmed our previous finding (Zeng 
et  al., 2014) that the internal oxygen transportation played 
an important role in plant survival and performance under 
oxygen-limited conditions.
Given the fact that preventing internal oxygen transporta-
tion by excising coleoptiles results in a stronger effect on ion 
profiles along the root axis, we next looked at the genotypic 
variation in this trait amongst barley genotypes, compar-
ing effects of 48 h hypoxia treatment on K+ and H+ fluxes 
from the mature zone in six contrasting cultivars (Fig.  6). 
A  trend similar to that observed for intact coleoptiles was 
found, with hypoxia reducing H+ pumping and K+ uptake. 
The detrimental effect of hypoxia was much stronger in sen-
sitive cultivars as compared with tolerant cultivars (Fig. 6B, 
D). The observed difference was much more pronounced in 
plants with excised roots (Fig. 6) compared with intact plants 
(Fig. 4B), suggesting that the former are more suitable to be 
used in screening barley germplasm for WL stress tolerance 
by the MIFE technique.
WL-tolerant cultivars maintain a more negative 
membrane potential
K+ efflux under stress conditions is largely mediated by the 
Shaker-like K+ channels (GORK in Arabidopsis; Shabala 
and Pottosin, 2014). Most Shaker-like channels are strongly 
voltage gated in nature. The GORK channel is not an excep-
tion and is classified as a depolarization-activated outward-
rectifying K+ channel (reviewed in Anschütz et al., 2014). 
Accordingly, we have measured the MP of epidermal root 
cells to check if  the extent of hypoxia-induced K+ leak is cor-
related with stress-induced changes in MP. Our data showed 
that tolerant cultivars maintained more negative MP values 
as compared with sensitive cultivars, under both control and 
hypoxic conditions (Fig. 7A). When pooled together, MP val-
ues in the sensitive group were almost 10% less negative than 
in the tolerant group (Fig. 7B). MP depolarization was found 
to be consistent with the lower steady-state H+ flux in hypoxic 
conditions (Fig. 4D, E). This reduction in MP values under 
both conditions points to the involvement of the voltage-
gated outward-rectifying K+ channels as the major path for 
the observed stress-induced K+ leak. This conclusion is fur-
ther supported by pharmacological experiments using van-
adate, a known blocker of H+-ATPase. In the mature zone, 
a significant reduction in H+ efflux was measured in control 
Fig. 2. Effects of hypoxia (N2-bubbled 0.2% agar) on root viability of a 
waterlogging-sensitive barley cultivar (Gairdner). (A) Barley roots were 
stained with fluorescein diacetate–propidium iodide (FDA–PI). Control 
and 48 h hypoxia-treated barley roots stained with FDA (5 µg ml–1 for 
5 min) and PI (3 µg ml–1 for 10 min) for fluorescence imaging. Viable cells 
displayed green fluorescence due to FDA, and non-viable cells displayed 
red fluorescence due to PI. One (of six) typical image is shown for each 
zone (elongation zone, ~3 mm from the root tip; mature zone, ~5–10 mm 
from the shoot base). (B) Quantification of the cell viability from mature and 
elongation zones of barley roots. The intensity of the green fluorescence 
signal (a measure of cell viability) was quantified by Image J software. Data 
are the mean ±SE (n=6–8 individual plants). Scale bar=0.5 mm. Different 
lower case letters indicate a significant difference at P≤0.05 according to 
Duncan’s multiple range tests.
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roots, while the efflux changed into an influx after vanadate 
application in the hypoxia-treated roots (Fig. 7D). Much 
higher H+ influx was measured in the elongation zone when 
vanadate was applied to both control and hypoxia-treated 
barley roots (Fig. 7C).
Hypoxic-induced changes in relative expression of 
GORK and H+-pump-related genes
We next compared the relative expression pattern of GORK 
genes and genes conferring PM and tonoplast H+-ATPase 
(HA) and H+-pyrophosphatase (VP) pumps, in two root zones. 
The relative transcript level of the H+-ATPase (HvPMHA) 
under hypoxia conditions showed a comparable pattern in the 
mature and elongation zone (Fig. 8A), reducing the expres-
sion by 53% and 42%, respectively. This reduction in the gene 
expression matches nicely the reported 40–60% reduction in 
net H+ flux measured by MIFE (Fig.  4A, D). By applying 
hypoxia, the relative expression of the K+ outward rectifier 
gene HvGORK decreased ~80% in the mature zone (Fig. 8B). 
In contrast, the HvGORK transcript level in the elongation 
zone showed a pronounced increase under hypoxia treatment, 
which resulted in a 10-fold higher HvGORK expression rela-
tive to the non-treated elongation zone. For both vacuolar 
H+-PPases (HVP genes), the relative expression in the mature 
zone decreased by >60% under hypoxia conditions (Fig. 8C, 
D), whereas in the elongation zone the hypoxia treatment 
resulted in a minor change of HVP1 expression. In the elon-
gation zone, the relative expression of HVP10 was signifi-
cantly higher (2.5-fold) under hypoxia treatment compared 
with the control condition.
Discussion
K+ retention confers cell viability and contributes to 
genotypic difference in WL tolerance in barley
Potassium is the most abundant inorganic cation in plant cells 
that plays a crucial role in numerous physiological processes 
including turgor maintenance, regulation of enzymatic activ-
ity, maintenance of membrane polarization, control of sugar 
and ion loading, and energy conservation processes (Dreyer 
and Uozumi, 2011; Shabala et al., 2014). Potassium also plays 
an important role in plant adaptive responses to the hostile 
Fig. 3. (A) Genotypic variation in effects of hypoxia (N2-bubbled 0.2% agar) on root viability of six barley cultivars differening in waterlogging (WL) stress 
tolerance. Barley roots were stained with fluorescein diacetate–propidium iodide (FDA–PI). Viable cells displayed green fluorescence due to FDA, and 
non-viable cells displayed red fluorescence due to PI. One (of six) typical image is shown for each cultivar in the mature zone, ~5–10 mm from the shoot 
base. The intensity of the green fluorescence signal (a measure of cell viability) was quantified by Image J software. Scale bar=0.5 mm. (B) Quantification 
of the cell viability from the mature root (5–10 mm from the shoot base). (C) Mean pooled cell viability quantification values for three tolerant and three 
sensitive varieties measured as above. (D) Effects of 4 weeks WL stress on K+ content in shoots of six contrasting barley cultivars grown in sandy loam 
soil (mg g–1 DW). Data are mean ± SE (n=6–8 individual plants). Different lower case letters indicate a significant difference at P≤0.05 according to 
Duncan’s multiple range tests.
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environment. The ability of plant tissue to retain K+ was posi-
tively correlated with salinity stress tolerance in a broad range 
of plant species including barley (Chen et al., 2005), tomato 
(Heuer, 2003), wheat (Colmer et al., 2006; Cuin et al., 2008), 
lucerne (Smethurst et al., 2008), rice (Ismail et al., 2007), and 
poplar (Sun et al., 2009). Early studies in our laboratory have 
also indicated that K+ retention ability in barley roots may be 
linked to WL stress tolerance (Zeng et al., 2014). This sugges-
tion is now fully validated by screening more barley cultivars 
differing in WL tolerance. We showed that the overall plant 
performance under waterlogged conditions (Fig.  1) corre-
lated with whole-plant K+ tissue content (Fig. 3D), and that 
the inability of roots to retain K+ resulted in a loss of cell 
viability in sensitive genotypes (Figs. 2, 3). Moreover, the cell 
viability loss was more severe in the elongation zone tissues 
which also showed a significantly higher K+ loss as compared 
with mature root tissues (Fig. 4). In this context, the current 
results are consistent with previous studies which reported 
a reduction in K+ uptake in response to waterlogged condi-
tions at the whole-plant level (Colmer and Greenway, 2010; 
Elzenga and van Veen, 2010; Zeng et al., 2014), and exogen-
ously applied K+ showed a beneficial effect on plant perform-
ance and alleviated the hostile effects of WL (Ashraf et al., 
2011; Wang et al., 2013). Taken together, the data reported 
in the present study implicate cytosolic K+ retention as a key 
determinant of plant adaptive ability to hypoxia stress.
Interestingly, hypoxia-induced K+ efflux from the elong-
ation zone increased in the first hours after stress onset but 
was then reduced to zero (Figs. 4A, 5A). These results may 
be indicative of  the signalling role of  K+ in this tissue. It 
was suggested that the transient decline in the cytosolic K+ 
pool may help plants to survive energy crises by ‘shutting 
down’ many energy-dependent processes such as protein 
synthesis and entering into the defence mode (Demidchik 
et al., 2014; Shabala et al., 2014). This concept, developed 
largely for salinity stress signalling (Shabala, 2017), appears 
Fig. 4. Effects of hypoxia (N2-bubbled 0.2% agar) on net K+ and H+ fluxes measured from barley root epidermis of intact seedlings. (A) Mean fluxes were 
measured from the intact roots of a waterlogging-sensitive barley cultivar (Gairdner) in control and after 2, 24, and 48 h of hypoxia treatment from different 
zones along the root axis. EZ indicates the elongation zone figure. (B) Net K+ flux measured after 48 h of hypoxia treatment in the mature root zone (5 mm 
from the root base) of six barley cultivars contrasting in waterlogging tolerance. (C) Mean pooled K+ values for three tolerant and three sensitive varieties 
measured as above. (D) Net H+ flux measured after 48 h of hypoxia treatment in the mature root zone (5 mm from root base) of six barley cultivars 
contrasting in waterlogging tolerance. (E) Mean pooled H+ values for three tolerant and three sensitive varieties measured as above. Data are the mean 
±SE (n=6–8 individual plants). Different lower case letters indicate a significant difference at P≤0.05 according to Duncan’s multiple range tests.
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to be valid for hypoxia signalling as well. Under this scen-
ario, a quick loss of  K+ from the cytosol and associated 
reduction in the enzymatic activity would serve as a push 
to redirect available energy from the energy-expensive pro-
cesses of  structural protein synthesis, to defence-related 
processes, such as the prevention of  cytosolic acidifica-
tion, detoxification of  reactive oxygen species (ROS), and 
production of  molecular chaperones (Shabala et al., 2014; 
Zeng et al., 2014). This approach may significantly reduce 
the consumption of  ATP and thus increase the overall 
fraction of  the available ATP pool to fuel the continued 
operation of  H+-ATPase to sustain MP under O2-limited 
conditions. Once the signalling is over and expression of 
the appropriate genes has been triggered, K+ efflux from 
the elongation zone is reduced to zero (at 24  h and 48  h 
time points; Fig.  4A), to prevent further depletion of  K+ 
resources and a loss of  cell viability.
The kinetics of hypoxia-induced K+ fluxes across the PM 
in the mature zone are drastically different from those in the 
elongation zone. Here, a time-dependent progressive decline 
in K+ uptake is observed, with K+ uptake gradually turned 
into a net K+ loss in sensitive genotypes, as hypoxia progressed 
(Figs. 5A, 6). A strong positive correlation between the abil-
ity of mature zone cells to retain K+ and cell viability, and 
the overall WL stress tolerance of a specific genotype make 
it possible to recommend using steady-state K+ fluxes under 
these conditions (48 h hypoxia treatment; excised coleoptiles) 
as a physiological marker for breeding plants for WL stress 
tolerance. Our results suggested that the K+ flux measured in 
the mature root zone in both control and treated plants was 
Fig. 5. Net K+ and H+ flux response to hypoxia (N2-bubbled 0.2% agar) measured from excised roots of a waterlogging-sensitive cultivar (Gairdner). (A) 
Mean fluxes were measured along the barley root axis in control and after 2, 24, and 48 h of hypoxia treatment from different zones. P, pre-elongation; D, 
distal elongation; M, meristem. (B) Correlation between net K+ and H+ fluxes in control and hypoxia-treated roots measured at different time points. Data 
are the mean ±SE (n=6–8 individual plants).
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uniform and sensitive enough to discriminate between toler-
ant and sensitive cultivars (Fig. 4B, C). Given that measure-
ments are conducted in a steady state, each of them requires 
only 1.5–2  min, allowing ~30–40 specimens be measured in 
1 h. Thus, the suggested protocol may be applied to screen a 
large number of double haploid populations for developing 
molecular markers and mapping quantitative trait loci (QTLs) 
for WL tolerance. It is worth noting that the root’s ability to 
retain K+ has never been targeted in the breeding programmes 
aimed at improving WL stress tolerance in any species.
Regulation of the voltage-gated outward-rectifying K+ 
channels is critical for root K+ retention
K+ loss under hypoxic conditions may be triggered by a series 
of different potential factors such as (i) membrane depolari-
zation and consequently channels opening; (ii) changes to the 
selectivity of K+ in non-selective membranes; and (iii) K+ leak-
age through ROS-stimulated channels (Shabala and Pottosin, 
2014; Zeng et al., 2014). Up to now, there are 75 genes of con-
jectural K+-permeable channels in the Arabidopsis genome 
which are enabling K+ transport across plant membranes. 
K+-selective channel genes are comprised of nine Shaker-type 
channels (Véry and Sentenac, 2002; Demidchik et al., 2014;). 
Two of them, SKOR (located in the stellar tissue) and GORK 
(located in root epidermis), are classified as outward-rec-
tifying K+ channels. SKOR facilitates K+ release from the 
xylem parenchyma cells to the xylem vessels, whereas GORK 
is playing its role in the leakage of K+ into external media 
(Demidchik et al., 2014).
Earlier pharmacological studies suggested that hypoxia-
induced changes in K+ fluxes could potentially be mediated 
by both voltage-dependent K+-inward (KIR) and K+-outward 
(KOR) rectifying channels (Pang et al., 2006). However, strong 
depolarization of MP under hypoxic conditions reported 
in this work (Fig. 7) makes the involvement of KIR chan-
nels (such as AKT or KAT) thermodynamically impossible. 
This points to the GORK channel as the most likely candi-
date to mediate the observed effects of hypoxia in K+ trans-
port in barley roots. Indeed, hypoxia-induced K+ loss and 
MP showed a strong association; less negative values of MP 
were accompanied by the severe loss of K+ in a very clear and 
genotype-specific manner (Figs. 4A, B, 7A, B). Also, the geno-
types of tissues with more negative values of MP and less K+ 
loss showed better growth and cell viability when exposed to 
hypoxia or waterlogging (Figs. 1, 3A). Importantly, in addi-
tion to MP depolarization, GORK channels are also known 
to be activated by ROS (Demidchik et al., 2010; García-Mata 
and Lamattina, 2010) which can be rapidly produced under 
hypoxia stress (Rhoads et al., 2006).
Fig. 6. Effects of hypoxia (N2-bubbled 0.2% agar) on net K+ and H+ fluxes measured from excised roots of six barley cultivars contrasting in waterlogging 
stress tolerance. (A) Steady-state mean K+ fluxes (averaged over 5 min) measured after 48 h from the mature root zone (5 mm from the shoot base) of six 
contrasting cultivars from plants with excised coleoptiles. (B) Mean pooled K+ values for three tolerant and three sensitive varieties measured as above. 
(C) Steady-state mean H+ fluxes (averaged over 5 min) measured after 48 h from the mature root zone (5 mm from the shoot base) of six contrasting 
cultivars from plants with excised coleoptiles. (D) Mean pooled H+ values for three tolerant and three sensitive varieties measured as above. Data are the 
mean ±SE (n=6–8 individual plants). Different lower case letters indicate a significant difference at P≤0.05 according to Duncan’s multiple range tests.
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The relative expression of GORK decreased in the mature 
zone; however, a 10-fold increase was found in the elong-
ation zone when exposed to hypoxia (Fig.  8B), potentially 
explaining the higher sensitivity of this zone to hypoxia, as 
evidenced by viability staining (Fig. 2). Once again, this indi-
cates that the GORK channel is the most likely candidate 
to control stress-induced K+ signalling and homeostasis in 
hypoxia-treated roots. The difference in the expression levels 
of GORK in the mature and elongation zone were mirrored 
by the changes of K+ effluxes when measured from different 
root zones of barley in hypoxic conditions (Figs. 4A, 5A). 
The present findings are in a full agreement with a recent re-
port in which Arabidopsis showed a WL-tolerant phenotype 
after knocking out GORK channels (Wang et al., 2016).
H+-ATPase activity and/or expression determines 
GORK operation
Oxygen plays a key role in the process of efficient produc-
tion of ATP in aerobic organisms (Voesenek et  al., 2006). 
Oxygen-deficient conditions lead towards energy crises by 
limiting O2 availability for ATP production, which results in 
a limited supply of energy to fuel H+-ATPase pumps which 
enable H+ extrusion (Bailey-Serres and Voesenek, 2008; 
Licausi and Perata, 2009; Shabala et  al., 2014). H+ pumps 
are the main electrogenic systems responsible for maintain-
ing negative membrane potential values at the root PM 
(Teakle et al., 2013; Shabala et al., 2014). At the same time, 
they are also major consumers of ATP. In this study, the 
role of H+-ATPase as a key regulator of intracellular K+ 
homeostasis was shown directly in experiments by modifying 
O2 transportation to the shoot in experiments with excised 
coleoptiles (that operate as a snorkel under oxygen-limited 
conditions). The intact roots showed a significantly higher H+ 
efflux as compared with excised roots when measured from 
the mature root zone of barley under hypoxia stress (Figs. 
4, 6). The barley cultivars showed a strong correlation be-
tween H+ flux and PM depolarization when measured from 
intact roots (Figs. 4, 7) which was further confirmed by the 
significant down-regulation of H+ -ATPase transcript levels. 
H+ efflux was strongly inhibited by vanadate (Fig.  7C, D), 
a known inhibitor of PM H+-ATPase. Our results show-
ing reduction in H+-ATPase expression are consistent with 
previously reported results of a significant reduction in the 
H+-ATPase activity after only 2 h of anoxic treatment in pea 
epicotyls (Koizumi et al., 2011).
Potentially, coleoptile excision may also interfere with the 
root K+ uptake and/or retention due to disrupted K+ cycling 
between shoots and roots. However, our early experiments 
showed that the effect of coleoptile excision on root K+ fluxes 
and MP was identical to that achieved by full coleoptile submer-
gence (Zeng et al., 2014) making the above scenario unlikely.
The other two categories of  H+ pumps are the tonoplast-
located vacuolar H+-ATPase (V-ATPase) and vacuolar 
Fig. 7. (A) Effects of hypoxia (N2-bubbled 0.2% agar) treatment after 48 h on the membrane potential of six contrasting barley cultivars measured 
from the mature root zone (5 mm from the shoot base). Data are the mean ±SE (n=18–30 measurements from at least five individual plants). (B) Mean 
pooled membrane potential values for three tolerant and three sensitive varieties measured as above. (C, D) Effect of vanadate (0.5 mM) on steady-state 
H+ fluxes measured from the mature and elongation regions of a barley waterlogging-sensitive cultivar (Gairdner) roots. Data are the mean ±SE (n=6 
individual plants). Different lower case letters indicate a significant difference at P≤0.05 according to Duncan’s multiple range tests.
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H+-inorganic pyrophosphatase (V-PPase). These pumps 
show important roles for the accumulation of  key ions in 
the vacuoles by generating an electrochemical H+ gradi-
ent through vacuolar membranes (Sze et  al., 1992). The 
V-ATPase pump plays a crucial role in avoiding cyto-
solic vacuolar acidification under oxygen-deficient condi-
tions (Greenway and Gibbs, 2003; Koizumi et  al., 2011). 
Insufficient supply of  O2 reduced the PM and V-H
+-ATPase 
activities (Zhao et al. 2012). In the state of  an inadequate 
V-ATPase activity, the V-PPase performs as an additional 
or alternative powerhouse of  the tonoplast (Greenway and 
Gibbs, 2003). It was suggested that a shift from V-ATPase- 
to V-PPase-driven H+ extrusion is useful to roots with 
limited oxygen availability (Greenway and Gibbs, 2003). 
The breakdown of  PPi is more favourable to ATP levels 
when ATP availability and cytoplasmic pH decrease due to 
hypoxia (Felle, 2005). In this study, the transcript levels of 
two V-PPase-coding genes, HVP1 and HVP10, were regu-
lated differently depending on the type of  tissues. A  sub-
stantial up-regulation of  HVP10 expression was measured 
from the elongation zone which was more sensitive to 
hypoxia as compared with the mature zone where it showed 
a reduction in the transcript level (Fig. 8D). In the mature 
zone, that under natural conditions has a better access to 
oxygen (Zeng et al., 2014) and thus is capable of  maintain-
ing higher H+-ATPase activity (as judged by a more nega-
tive MP; Fig. 7), the up-regulation of  V-PPase may not be 
required. The opposite scenario occurs in the elongation 
zone. In this context, our results are consistent with previ-
ous reports (Carystinos et  al., 1995; Harada et  al., 2007) 
of  a massive increase in the transcript level of  V-PPase 
after plant exposure to anoxic conditions followed by its 
decrease upon return to the well-aerated state. It should 
be noted that V-PPase activity shows a strong K+ depend-
ence (Obermeyer et al., 1996). Given such poor K+ reten-
tion ability in the elongation zone (Fig. 5), one can assume 
that the efficiency of  V-PPase operation in this tissue would 
be reduced under hypoxic conditions. Thus, the observed 
increase in the transcript level of  HVP10 may be inter-
preted as a plant’s attempt to compensate for decreased 
V-PPase activity by increasing the number of  functional 
units, to protect this zone from cytosolic acidosis under 
hypoxia stress.
Supplementary data
Supplementary data are available at JXB online.
Fig. S1. Different steps of the experimental procedures. 
Fig. 8. Effects of 48 h hypoxia (N2-bubbled 0.2% agar) treatment on relative expression of (A) H+-ATPase (HvPMHA), (B) KOR (HvGORK), (C) H+-HPPase 
(HVP 1), and (D) (HVP 10) in root tissues of a waterlogging-sensitive barley cultivar (Gairdner). Data are the mean ±SE (n=3–5 biological and technical 
replicates). Root apices (4–5 mm) long from both the elongation (elongation zone, ~3 mm from root tip) and mature zone (mature zone, ~5–10 mm from 
the shoot base) were taken for relative expression analysis. Different lower case letters indicate a significant difference at P≤0.05 according to Duncan’s 
multiple range tests.
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Fig. S2. Correlation between K+ content in the shoot under 
waterlogging stress and net K+ flux in the mature root zone 
under hypoxia stress. 
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